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The reconstituted Escherichia coli MsbA protein displays lipid ﬂippase
activity
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Department of Molecular and Cellular Biology, University of Guelph, Guelph, ON, Canada N1G 2W1
The MsbA protein is an essential ABC (ATP-binding-cassette)
superfamily member in Gram-negative bacteria. This 65 kDa
membrane protein is thought to function as a homodimeric ATP-
dependent lipid translocase or ﬂippase that transports lipid A
from the inner to the outer leaﬂet of the cytoplasmic membrane.
We have previously shown that puriﬁed MsbA from Escherichia
coli displays high ATPase activity, and binds to lipids and
lipid-like molecules, including lipid A, with afﬁnity in the low
micromolar range. Bacterial membrane vesicles isolated from
E. coli overexpressing His6-tagged MsbA displayed ATP-
dependent translocation of several ﬂuorescently NBD (7-
nitrobenz-2-oxa-1,3-diazole)-labelled phospholipid species. Pur-
iﬁed MsbA was reconstituted into proteoliposomes of E. coli
lipid and its ability to translocate NBD-labelled lipid derivatives
was characterized. In this system, the protein displayed maximal
lipid ﬂippase activity of 7.7 nmol of lipid translocated per mg
of protein over a 20 min period for an acyl chain-labelled PE
(phosphatidylethanolamine) derivative. The protein showed the
highest rates ofﬂippase activity when reconstituted into anE.coli
lipid mixture. Substantial ﬂippase activity was also observed for
a variety of other NBD-labelled phospholipids and glycolipids,
including molecules labelled on either the headgroup or the
acyl chain. Lipid ﬂippase activity required ATP hydrolysis, and
was dependent on the concentration of ATP and NBD–lipid.
Translocation of NBD–PE was inhibited by the presence of
the putative physiological substrate lipid A. The present paper
represents the ﬁrst report of a direct measurement of the lipid
ﬂippase activity of puriﬁed MsbA in a reconstituted system.
Key words: ATP-binding-cassette (ABC) superfamily, lipid A,
lipid ﬂippase, MsbA, phosphatidylethanolamine, reconstitution.
INTRODUCTION
Gram-negative bacteria such as Escherichia coli possess both
an inner (cytoplasmic) membrane and an outer membrane,
separated by a layer of peptidoglycan and the periplasmic
space. The cytoplasmic membrane is primarily composed of
integral membrane proteins and glycerol-phospholipids such as
PG (phosphatidylglycerol), PE (phosphatidylethanolamine) and
cardiolipin. The cytoplasmic membrane lipids are distributed
asymmetrically, with the inner leaﬂet of Gram-positive bacteria
being enriched in PE and the outer leaﬂet enriched in PG ([1];
bacterial lipid topology is reviewed in [2]). The distribution
of phospholipids between the inner and outer leaﬂets of the
cytoplasmic membrane of Gram-negative bacteria is not known,
sinceexperimentalmeasurementsarecomplicatedbythepresence
of the outer membrane [2]. The outer membrane lipid distribution
is also asymmetric. The inner leaﬂet consists primarily of
glycerophospholipids; however, the outer leaﬂet is composed
mainly of lipid A, the hexa-acylated hydrophobic core lipid of
LPS (lipopolysaccharide) [3].
Our understanding of how these lipids trafﬁc to the outer
membrane, and how lipid asymmetry is maintained, is becoming
clearer.TheLptDE(Imp–RlpB)complexisrequiredforassembly
of LPS at the outer membrane [4], and the essential inner
membrane proteins YjgP (LptF) and YjgQ (LptG), along with
the cytoplasmic ATPase LptB, are proposed to actively extract
LPS from the cytoplasmic membrane outer leaﬂet [5]. Lipid A,
like phospholipids, is initially synthesized by the biosynthetic
machinery on the cytoplasmic membrane inner leaﬂet, and must
be translocated to the outer leaﬂet in the ﬁrst step of its movement
to the outer membrane. This function may be mediated by MsbA,
an essential protein of the cytoplasmic membrane and a member
of the ABC (ATP-binding cassette) superfamily [6,7]. MsbA is
a ‘half-transporter’, and is presumed to function as a homodimer
of 64.5 kDa polypeptides. X-ray crystal structures of MsbA from
three closely related bacterial species have been solved [8].
Evidence in the literature supports a role for MsbA in
translocation of lipid A, and perhaps also phospholipids, between
the inner and outer leaﬂets of the cytoplasmic membrane.
MsbA is an essential gene in E. coli, and mutations result
in cytoplasmic membrane accumulation of phospholipids, lipid
A and its derivatives [9]. In cells expressing missense MsbA
mutants, PE and lipid A are accessible from the cytoplasmic
face of the membrane rather than the periplasmic face [10],
consistent with a functional role for MsbA in the translocation of
theselipidsbetweenthecytoplasmicmembraneleaﬂets.However,
phospholipid translocation by MsbA remains controversial, and
in Neisseria meningitides, it was concluded that MsbA plays
a role in lipid A translocation, but is not strictly required
for the translocation of glycerophospholipids [11]. Kol et al.
[12,13] have studied phospholipid ﬂip–ﬂop mediated by a
variety of bacterial peptides and proteins. In their reconstituted
system, transmembrane peptides were able to mediate ﬂip–ﬂop
of ﬂuorescently labelled PG and PE; however, MsbA-mediated
phospholipid ﬂipping could not be demonstrated at a ratio of
E. coli lipid/MsbA of ∼10:1 (w/w), either in the absence or
Abbreviationsused:ABC,ATP-binding-cassette;AMP-PNP,adenosine5 -[β,γ-imido]triphosphate;AlFx,aluminiumﬂuoride;BeFx,berylliumﬂuoride;DLS,
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presence of ATP. Although low levels of ATPase activity were
associated with the proteoliposomes, it is possible that either
MsbA was not reconstituted in a functional manner in this system
or some other factor required for phospholipid translocation was
lacking.
In previous work [14], we have shown that the ATPase activity
of puriﬁed MsbA is modulated by a variety of lipids and
lipid-based molecules, including lipid A, the LPS precursors
RaLPS (LPS from the Ra mutant of E. coli) and ReLPS (deep
rough chemotype LPS), and phospholipid-based amphipathic
drugs. It was demonstrated for the ﬁrst time that MsbA binds
directly to these molecules, as assessed by quenching of the pro-
tein intrinsic tryptophan ﬂuorescence, with afﬁnities in the low
micromolar range. These observations lend support to a role for
MsbA in the translocation of LPS and phospholipids.
In the present paper, we report for the ﬁrst time that bacterial
membranes isolated from E. coli overexpressing His6-tagged
wild-typeMsbAdisplayATP-dependenttranslocationofavariety
of ﬂuorescently NBD (7-nitrobenz-2-oxa-1,3-diazole)-labelled
lipid species. Puriﬁed and functionally active MsbA reconstituted
into proteoliposomes of E. coli lipid possessed ﬂippase activity
for both headgroup- and acyl chain-labelled derivatives of the
phospholipids PE and PS (phosphatidylserine), as well as chain-
labelled PG, PC (phosphatidylcholine) and SM (sphingomyelin).
The protein showed the highest rates of ﬂippase activity when
reconstituted into an E. coli lipid mixture. The present study
demonstratesfortheﬁrsttimethatMsbAhasthefunctionalability
tocarryoutATP-dependenttranslocationofphospholipidsinvitro
in a reconstituted system.
EXPERIMENTAL
Materials
ATP, AMP-PNP (adenosine 5
 -[β,γ-imido]triphosphate),
DTE (dithioerythritol), lipid A, NBD–GlcCer (NBD–C6-
glucosylceramide), NBD–LacCer (NBD–C6-lactosylceramide),
OG (octyl-β-D-glucopyranoside), RaLPS, ReLPS, sodium
dithionite,Vi (sodiumorthovanadate),TritonX-100,BeSO44H2O
(beryllium sulfate tetrahydrate) and AlCl3 were purchased from
Sigma–Aldrich. E. coli lipid, egg PC and all other NBD-labelled
lipids were purchased from Avanti Polar Lipids. The suppliers
provide detailed information on the structures of the various
NBD–lipids. The designation (16:0, 6:0), for example, indicates
that the NBD–lipid contains a 16-carbon acyl chain and a 6-
carbon acyl chain, which carries the NBD group. Creatine kinase
and phosphocreatine were obtained from Roche Diagnostics.
DM (n-dodecyl-β-D-maltoside) was obtained through Alexis
Biochemicals, and Ni-NTA (Ni
2+-nitrilotriacetate) agarose resin
was purchased from Qiagen. Lipid A, the rough chemotype
ReLPS and the smooth chemotype RaLPS, were prepared as
stock solutions in reconstitution buffer [50 mM Hepes, 100 mM
KCl, 5 mM MgCl2 and 2 mM DTE (pH 7.5)]. All other lipid
stocks were prepared in 4:1 (v/v) chloroform/methanol and
stored at −20◦C.
MsbA expression and puriﬁcation
A plasmid containing wild-type N-terminally His6-tagged
E. coli MsbA was provided by Dr Candice Klug (Medical
College of Wisconsin, Milwaukee, WI, U.S.A.) [15]. The
protein was overexpressed in E. coli as described previously
[14]. Inside–out membrane vesicles were prepared by cell
lysis using a French Press at a pressure of 10000 psi (1
psi=6.9kPa), followed by low- and high-speed centrifugation
of the cell lysis mixture [15], and were used directly for
ﬂippasemeasurements.ForfurtherpuriﬁcationofMsbA,vesicles
were lysed with 1% DM and MsbA was bound to a Ni-
NTA column equilibrated with buffer containing 0.1% OG and
10 mM imidazole. After washing with buffer containing 0.1%
OG and 10 mM, followed by 50 mM, imidazole, the protein
was eluted with 200 mM imidazole in buffer containing 0.1%
OG. MsbA was isolated to over 90% purity [14]. Protein
was assayed by the method of Peterson [16] using a BSA
standard.
Reconstitution of MsbA into proteoliposomes
MsbA was reconstituted into proteoliposomes of 5 mg of E. coli
lipid, egg PC, 1:1 (w/w) egg PC/E. coli lipid, or 7:3 (w/w)
PE/PG, each containing 0.3% of the chosen NBD-labelled lipid.
MsbAwasinitiallyreconstitutedintoE.colilipidproteoliposomes
containing NBD–PE using DM and Bio-Beads for detergent
removal as described previously [14]; however, stable baseline
ﬂuorescence intensities following dithionite quenching were
difﬁcult to achieve. This suggested that not all of the detergent
was removed during reconstitution, resulting in some membrane
leakiness. We modiﬁed the puriﬁcation procedure to exchange
DM for OG (see above) while the MsbA was bound to the Ni-
NTA column, and the reconstitution procedure then used removal
of OG by gel-ﬁltration chromatography as follows. The dried
lipid sample was dissolved in 250 μlo f1 % (w/w) OG and
1 ml of the desired concentration of puriﬁed MsbA in OG was
added [the lipid/protein ratio was typically 10:1 (w/w)]. The
sample was incubated on ice for 30 min with occasional mixing,
and then applied to a 15 cm Sephadex G50 gel-ﬁltration column
equilibrated with reconstitution buffer [50 mM Hepes, 100 mM
KCl, 5 mM MgCl2 and 2 mM DTE (pH 7.5)]. Reconstituted
proteoliposomes eluted in the void volume of the column. The
desired fractions (∼0.5 ml each) were pooled and diluted to a
ﬁnal volume of 3 ml. Liposomes of E. coli lipid containing NBD-
labelled phospholipid, but with no incorporated MsbA, were also
prepared in the same way. For time-course experiments up to
90 min,twosamplesofproteoliposomeswerepreparedinparallel
from the same batch of MsbA, and the appropriate fractions from
eachcolumnwerepooledtogiveatotalvolumeof6 ml.Baselines
for MsbA proteoliposomes prepared using OG/gel ﬁltration were
relatively stable in ﬂippase experiments.
Proteoliposome size measurements
E.colilipidproteoliposomescontainingreconstitutedMsbAwere
prepared using the OG gel-ﬁltration method as described above,
and diluted 50-fold in reconstitution buffer. Size-distribution
measurements based on intensity were carried out by DLS
(dynamic light scattering) using a Zetasizer Nano-S instrument
(Malvern Instruments) at 22◦C, with a count rate of 260 per s and
a measurement duration of 80 s.
Lipid ﬂippase assay using NBD-labelled lipids
The ability of MsbA reconstituted into proteoliposomes to ﬂip
a variety of NBD-labelled lipids was determined essentially
as described previously [17], with the following modiﬁcations.
Flippase experiments were carried out in MsbA reconstitution
buffer, 5 mM ATP was used with an ATP-regenerating system
[18] (30 μg/ml creatine kinase and 3.5 mM phosphocreatine),
and 4 mM sodium dithionite was employed to quench the NBD
ﬂuorescence. Duplicate samples were assayed in independent
experiments, and representative data-sets are shown.
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For experiments involving E. coli membrane vesicles, NBD–
lipid (15 μg) was added in 100 μl of ethanol solution to the
exterior of 100 μl of vesicle suspension (600 μg of protein) in
a total volume of 1 ml of reconstitution buffer. Vesicles were
incubated on ice for 5 min and then centrifuged at 37000 g
for 20 min to sediment the membrane vesicles. The pellet was
resuspended in 3 ml of reconstitution buffer and lipid ﬂippase
activity was determined as described above for proteoliposome
samples. Control membranes, where used, were from E. coli
transformed with empty vector, and a sample of identical protein
content (600 μg) was used.
Dependence of ﬂippase activity on NBD–lipid concentration
The dependence of MsbA-mediated ﬂippase activity on the
concentration of NBD–PE (16:0, 6:0) was determined as
described above, except that MsbA was reconstituted into E. coli
lipid containing 0.1–0.6% (w/w) NBD–PE (16:0, 6:0), using OG
and gel-ﬁltration chromatography.
Nucleotide-dependence of ﬂippase activity
Nucleotide-dependenceexperimentswerecarriedoutasdescribed
above, with the following changes. Final ATP concentrations
were in the range 0–20 mM, with the usual concentrations of
ATP-regenerating system reagents. For experiments involving
AMP and GTP, the nucleotide was added at a concentration
of 5 mM, and for AMP-PNP a 1 mM concentration was used,
in the absence of ATP, but in the presence of the regenerating
system. For experiments involving Vi dependence, 5 mM ATP
and the regenerating system were added, along with 100
or 200 μMV i, followed by incubation at 37◦Ca su s u a l .
For experiments involving BeFx (beryllium ﬂuoride) and AlFx
(aluminium ﬂuoride), the samples were prepared essentially as
describedpreviouslyforPgp(P-glycoprotein)-trappedcomplexes
[19].
Inhibition of MsbA-mediated lipid ﬂipping by bacterial lipids
Fluorescence traces were recorded as described above with the
following modiﬁcations. A 20 μl aliquot of lipid A, RaLPS or
ReLPS in reconstitution buffer was added 5 min prior to initiation
of NBD–PE ﬂipping by addition of ATP and the regenerating
system. Control samples were incubated either without added
lipid but with ATP (positive control, 100% ﬂippase activity) or
withthehighestconcentrationofexogenouslipidusedbutwithout
theadditionofATPandtheregeneratingsystem(negativecontrol,
0% ﬂippase activity).
RESULTS
Reconstitution of MsbA into proteoliposomes
The puriﬁcation of N-terminally His6-tagged E. coli MsbA has
been described previously in detail [14]. Membrane vesicles were
isolated from BL21 DE3 E. coli overexpressing the protein and
contained approx. 5–10% MsbA, as assessed by SDS/PAGE.
Further puriﬁcation of MsbA by Ni-NTA chromatography using
the detergent DM resulted in ∼90% pure MsbA [14]. In the
present study we obtained MsbA of similar purity following
exchange of DM for OG (see the Experimental section). MsbA
was reconstituted into various lipids using removal of OG by gel-
ﬁltrationchromatography.WhenpuriﬁedMsbAwasreconstituted
into E. coli lipid using this method, DLS measurements indicated
a bimodal distribution of vesicles (Supplementary Figure S1
at http://www.BiochemJ.org/bj/429/bj4290195add.htm). Native
Figure 1 ATP-dependent translocation of NBD–PE by reconstituted MsbA
ProteoliposomesofE.coli lipidcontainingMsbAand0.3%NBD–PE(16:0,6:0)wereincubated
at37◦CinthepresenceorabsenceofATPandaregeneratingsystemfor20min.Aftertermination
of the reaction, NBD–PE ﬂuorescence emission (excitation at 464nm, emission at 536nm)
was monitored at 20◦C until a stable baseline was established. After 3 min, 4mM dithio-
nite was added (indicated by an interruption in the trace), and after a relatively stable baseline
wasagainreached,1%(w/v)TritonX-100wasaddedtoestablishthebackgroundﬂuorescence.
Traces consist of raw ﬂuorescence data (1 point per s) presented as a scatter plot, and were
normalized to the ﬂuorescence intensity recorded prior to dithionite addition, which was taken
as100%.TheverticalarrowsrepresentthetotalﬂuorescenceofNBD–PEinbothleaﬂets(Fi+o),
andtheinnerleaﬂet(Fi).TheFigureshowsarepresentativeﬂuorescencetrace.Experimentswith
reconstituted proteoliposomes of the same lipid composition gave highly reproducible traces.
E. coli membrane vesicles, puriﬁed MsbA in detergent, and
reconstituted protein in proteoliposomes displayed a high level
of ATPase activity that was stimulated and inhibited by the
presence of substrates [14], suggesting that the protein was
functional. We investigated whether MsbA can function as
a lipid translocase or ﬂippase in native membrane vesicles
and reconstituted proteoliposomes. We studied translocation of
primarily NBD–PE, since the work of Doerrler et al. [10]
suggested that this lipid may be ﬂipped by MsbA, and PE is the
predominant phospholipid in E. coli, making up 70–80% of
the total phospholipid pool [2].
Fluorescence assay for MsbA-mediated lipid translocation
Wemodiﬁedapreviouslydescribedlipidﬂippaseassay[17,20,21]
to assess whether MsbA can mediate the transbilayer movement
of ﬂuorescent phospholipid derivatives in both inside–out native
membranevesiclesandreconstitutedproteoliposomes.Inthecase
of reconstituted proteoliposomes, NBD–lipid was mixed with the
host lipids before rehydration and was thus incorporated into
both leaﬂets of the bilayer. After incubation of reconstituted
proteoliposomes at 37◦C in the absence or presence of ATP,
the total ﬂuorescence intensity of NBD–lipid in both leaﬂets
of the membrane was monitored at 20◦C at an emission
wavelength of 536 nm (Fi+o; Figure 1). NBD ﬂuorescence
was chemically quenched by dithionite, which is membrane-
impermeant under the conditions used in the assay. After
quenching the outer leaﬂet ﬂuorescence, a new ﬂuorescence
baseline was obtained, arising from the NBD–lipids in the
inner leaﬂet, which are inaccessible to dithionite (Fi; Figure 1).
Addition of Triton X-100 to permeabilize the vesicles allowed
dithionite to quench the inner leaﬂet NBD–lipid ﬂuorescence.
MsbA molecules reconstituted into proteoliposomes with their
NB(nucleotide-binding)domainsontheoutersurfacehaveaccess
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Figure 2 MsbA-mediated NBD–PE ﬂippase activity in E. coli membrane vesicles and reconstituted proteoliposomes
(A) NBD–PE (16:0, 6:0) was incorporated into membrane vesicles isolated from E. coli overexpressing MsbA, which were incubated at 37◦C for 0–20min in the presence () and absence ()o f
5 mM ATP and a regenerating system (added at time zero). The distribution of NBD–lipid between the two bilayer leaﬂets was determined using dithionite quenching. Experiments were also carried
out using membrane vesicles isolated from cells transformed with empty vector (inset). Similar experiments were carried out (B)u s i n gE. coli lipid proteoliposomes containing NBD–PE (16:0, 6:0)
and MsbA. Data are also shown for liposomes of E. coli lipid and NBD–PE (16:0, 6:0) alone with no incorporated MsbA ( ) in the absence of ATP. (C) Egg PC proteoliposomes containing NBD–PE
and MsbA. (D) E. coli lipid/egg PC 1:1 (w/w) proteoliposomes containing NBD–PE and MsbA. Inset graphs show ATP-dependent movement of NBD–lipids, calculated by normalizing the curves in
the presence of ATP () to those in the absence of ATP (). Data points are the means of duplicate determinations; error bars represent the range and, where not visible, they fall within the symbols.
toATP,thereforeunidirectionaltranslocationofNBD–lipidsfrom
the outer to the inner leaﬂet is expected. The difference in inner
leaﬂet ﬂuorescence intensity between vesicles incubated in the
absence and presence of ATP represents the net NBD–lipid
translocated during the incubation period (Figure 1).
MsbA mediates transbilayer movement of NBD–lipids in E. coli
membrane vesicles
For inside–out membrane vesicles isolated from cells over-
expressing MsbA, NBD–PE (16:0, 6:0) was inserted asym-
metrically into only the outer leaﬂet by addition from ethanol
solution.Inthesevesicles,theNBdomainsofallMsbAmolecules
are exposed on the outer surface with access to ATP. There was
an increase in the inner leaﬂet ﬂuorescence upon addition of
ATP, attributable to ATP-dependent translocation of the NBD–
PE from the outer to the inner leaﬂet (Figure 2A). Only ∼25%
of this level of translocation was observed for membrane vesicles
prepared from cells transformed with empty vector (Figure 2A,
inset), conﬁrming that the bulk of the ATP-dependent movement
of NBD–PE was due to the presence of overexpressed MsbA. We
examined the ATP-dependent change in inner leaﬂet ﬂuorescence
(Figure 1) for a variety of NBD-labelled lipids, including PE, PS,
PG and PC derivatives, where the NBD ﬂuorophore was linked to
one of the acyl chains, SM with NBD on one of the acyl chains,
and PE and PS with the NBD label on the headgroup (Table 1). In
each case, we observed an ATP-dependent increase in the NBD
ﬂuorescence in the inner leaﬂet after incubation for 20 min at
37◦C, relative to an identical sample incubated in the absence of
ATP (Table 1). We observed a greater percentage of NBD–lipids
transported into the inner leaﬂet for PE labelled in the acyl chain
relative to its headgroup-labelled counterpart. Curiously, a very
large amount of NBD–SM (>13%) was translocated to the inner
leaﬂet compared with the other NBD–lipids examined (1–5%).
Vesiclesfromcellstransformedwithemptyvectordisplayedalow
level of NBD–SM translocation, similar to that of empty vector
experiments with NBD–PE (results not shown). SM is not found
in the E. coli cytoplasmic membrane and it is not clear why there
is such a large ATP-dependent movement of this lipid, which was
the only sphingolipid examined in bacterial membranes.
MsbA mediates transbilayer movement of NBD–lipids in
reconstituted lipid systems
Puriﬁed MsbA in OG was reconstituted into a mixture of E. coli
lipid containing 0.3% acyl chain-labelled NBD–PE (16:0, 6:0),
and the amount of NBD–lipid in the two membrane leaﬂets was
measured. NBD–PE displays an asymmetric distribution between
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Table 1 Lipid ﬂippase activity of MsbA for NBD-labelled lipids
The change in the inner leaﬂet level of NBD–lipid was determined in membrane vesicles
isolated from E. coli overexpressing MsbA, and in reconstituted proteoliposomes containing
puriﬁed MsbA. For membrane vesicles, values are the difference between the percentage of
total NBD–lipid in the inner leaﬂet with and without ATP after 20min incubation at 37◦C.
For E. coli lipid proteoliposomes containing MsbA and 0.3% NBD-derivative, the extent of
translocation was determined as the difference between samples with and without ATP after
20 min incubation at 37◦C, per mg of reconstituted protein. The data represent means+ −range
for duplicate samples. nd, not determined.
Reconstituted
Membrane vesicles proteoliposomes
Change in NBD–lipid NBD–lipid translocated
Lipid in inner leaﬂet (%) (nmol/mg of protein)
NBD–PE (16:0, 6:0) 2.86+ −1.24‡ 7.71+ −1.07†
NBD–PE (18:1)* 1.23+ −0.75‡ 2.51+ −0.23†
NBD–PS (16:0, 6:0) 3.28+ −0.98† 4.05+ −0.78†
NBD–PS (18:1)* 3.16+ −0.29† 1.62+ −0.12†
NBD–PG (16:0, 6:0) 5.18+ −0.45† 4.69+ −1.11‡
NBD–PC (16:0, 6:0) 2.30+ −0.46‡ 3.59+ −0.55†
NBD–C12-SM 13.3+ −1.7† 2.57+ −0.30†
NBD–GlcCer nd 4.27+ −0.24†
NBD–LacCer nd 2.91+ −0.51†
*Headgroup-labelled NBD–lipid.
†InnerleaﬂetdistributionsofNBD–lipidweresigniﬁcantlydifferentforsamplesincubatedinthe
absence and presence of ATP (P<0.05).
‡InnerleaﬂetdistributionsofNBD–lipidweresigniﬁcantlydifferentforsamplesincubatedinthe
absence and presence of ATP (P<0.1).
thetwobilayerleaﬂetsinboththeabsenceandpresenceofMsbA,
with higher amounts seen in the outer leaﬂet. A preference for
either the inner or outer bilayer leaﬂet was previously reported
for several different NBD–lipids in reconstituted egg PC vesicles
[21]. In liposomes of E. coli lipid alone, the apparent inner leaﬂet
concentrationsofNBD–PEdecreasedovertimeduringincubation
at 37◦C in the absence of ATP (Figure 2B). Vesicles composed
of egg PC or a 1:1 (w/w) mixture of E. coli lipid/egg PC did
not exhibit this decrease, which appears to be due to the speciﬁc
properties of the E. coli lipid mixture. In the absence of ATP,
E. coli lipid proteoliposomes reconstituted with MsbA also
showed a decrease in apparent inner leaﬂet NBD–PE, similar
to that seen for liposomes of E. coli lipid alone (Figure 2B).
While quenching of the outer leaﬂet ﬂuorescence in MsbA
proteoliposomes of E. coli lipid is slower than in egg PC,
relatively stable baselines are achieved (Figure 1), indicating
that the vesicles are not permeable to dithionite. E. coli lipid
membranes may have higher ﬂuidity, which would more readily
allow the spontaneous ﬂip–ﬂop of NBD–lipids in the absence
of ATP. Also, E. coli lipid often contains hydrophobic peptides,
and these may mediate the spontaneous ﬂip–ﬂop of some NBD–
lipids, since a variety of TM (transmembrane) domains and
hydrophobic peptides have been shown to mediate translocation
ofNBD–PGbetweenmembraneleaﬂets[12,13,22,23].ThisATP-
independentmovementofNBD–lipidsisnotexpectedtointerfere
with ATP-dependent movement mediated by MsbA. However,
increasedﬂip–ﬂopofNBD–lipidfromtheinnertotheouterleaﬂet
would counteract the action of MsbA, and therefore result in an
underestimate of its activity.
InthepresenceofATP,MsbAtranslocatedNBD–PE(16:0,6:0)
to the inner leaﬂet, resulting in net movement of the lipid to the
inner leaﬂet during the 20 min incubation at 37◦C (Figures 2B–
2D). In proteoliposomes of E. coli lipid, the difference between
the inner leaﬂet concentrations of NBD–PE in the presence and
absence of ATP indicated that MsbA mediated the translocation
of ∼7.7 nmol of this lipid per mg of protein over 20 min under
Figure 3 Time course of translocation of NBD–PE by MsbA
Proteoliposomes of E. coli lipid containing 0.3% NBD–PE (16:0, 6:0) and reconstituted MsbA
wereincubatedfor0–90mininthepresenceorabsenceof5mMATPandaregeneratingsystem,
orwith5 mMATPandaregeneratingsystem(arrowattimezero)fortheﬁrst45min,afterwhich
an additional aliquot of ATP/regenerating system was added (arrow at 45min) and the sample
was incubated for a further 45min (, +2ATP). Data points () represent the difference in the
means of duplicate determinations in the presence and absence of ATP. Error bars represent the
range and, where not visible, they fall within the symbols.
the assay conditions. Reconstituted MsbA also mediated ﬂipping
of NBD–PE that was asymmetrically incorporated into the outer
leaﬂet of preformed proteoliposomes (results not shown).
In proteoliposomes of egg PC, the level of inner leaﬂet NBD–
PE remained unchanged in the absence of ATP, and NBD–lipid
was translocated into the inner leaﬂet in the presence of ATP
(Figure 2C). However, the ﬂippase activity was considerably
lower than that observed for proteoliposomes of E. coli lipid,
possibly due to inhibition of MsbA activity by PC, which is not
a major component of E. coli membranes. Alternatively, MsbA
may require one of the components of the E. coli lipid mixture
for activity. Since a 1:1 (w/w) mixture of egg PC and E. coli lipid
also exhibits low lipid ﬂippase activity (Figure 2D), inhibition
of activity by PC seems a more likely explanation. These results
conﬁrm that, in proteoliposomes of E. coli lipid, egg PC or a
mixture of lipids, MsbA mediates ATP-dependent translocation
of NBD-labelled PE.
Characterization of MsbA-mediated ﬂippase activity
MsbA-mediated translocation of NBD–PE was further
characterized in terms of time-dependence, ATP-dependence and
NBD–lipid-dependence.ReconstitutedproteoliposomesofMsbA
in E. coli lipid were incubated for 0–90 min in the absence or
presence of ATP and a regenerating system (Figure 3). There
was a rapid increase in the net movement of NBD–PE within
the ﬁrst 30 min after adding ATP. Beyond 30 min, the amount
of NBD–PE translocated was signiﬁcantly reduced; however, the
distribution was maintained by the addition of a second aliquot
of ATP at 45 min. The ATP-regenerating system employed in
the present study was previously used successfully to maintain
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Figure 4 Characterization of MsbA-mediated translocation of NBD–PE
(A) ATP dependence of NBD–PE (16:0, 6:0) translocation. E. coli lipid proteoliposomes were incubated at 37◦C for 20min in the presence of 0–20mM ATP and a regenerating system. The
transbilayer distribution of NBD–PE was determined, and the data were normalized to the value with 20 mM ATP, which was taken as 100%. Data points represent means + − range for duplicate
determinations. (B) Effect of nucleotides, Vi,A l F x and BeFx on translocation of NBD–PE. E. coli lipid proteoliposomes were incubated at 37◦C for 20 min in the absence of ATP, or in the presence of
theregeneratingsystem+5mMATP,AMP,GTPorAMP-PNP,5mMATP+100or200μMV i,or5mMA TP+800μMAlF x or800μMBeF x.ThetransbilayerdistributionofNBD–PEwasdetermined,
and the data were normalized to the value with 5 mM ATP, which was taken as 100%. Data points represent means + − range for duplicate determinations. (C) Dependence of translocation on the
concentration of NBD–PE in the bilayer. Reconstituted proteoliposomes of E. coli lipid containing increasing amounts of NBD–PE were incubated for 20min at 37◦C, and the extent of translocation
was determined. Data were normalized to the extent of translocation with 0.6% NBD–PE, which was taken as 100%, and are represented as the means + − range for duplicate determinations.
ATP concentrations for both transport and ﬂippase assays using
Pgp [17,21,24–28]. When measuring Pgp-mediated NBD–PC
ﬂippinginsimilarexperiments,ATPdidnotbecomelimitingupto
90 min [17], which suggests that the substantially higher ﬂippase
activity of MsbA may be responsible for the observed ATP
depletion over time periods longer than 30 min. Horio et al. [18]
observedadrop-offindruguptakeintoplasmamembranevesicles
containing Pgp at 90 min relative to 30 min, and suggested that
this was due to ATP depletion, and Doige and Sharom [29] made
a similar observation. On the basis of the ATP-concentration-
dependence of MsbA ATP hydrolysis [14] and lipid translocation
(see below; Figure 4A), if the ATP concentration in the assay fell
below 5 mM, there would be a signiﬁcant decrease in ﬂippase
activity.
We next examined the ATP-dependence of the translocation
process. Proteoliposomes were incubated in the presence of
0–20 mM ATP and the ﬂippase activity was determined over
20 min (Figure 4A). At concentrations below 1 mM ATP, a low
level of ATP-dependent ﬂippase activity was observed. With
5 mM ATP, the concentration chosen for ATPase experiments
and the initial ﬂippase characterization, there was substantial
translocation of NBD–PE by MsbA, and maximal translocation
occurred at 10 mM ATP. We chose to maintain the ATP
concentration in the assay at 5 mM to allow comparison between
different experiments, and because this concentration provided
a substantial level of ﬂippase activity. Flippase activity was
essentially supported only by ATP, with GTP, AMP and the
non-hydrolysable ATP analogue AMP-PNP yielding low levels
of translocation over 20 min (Figure 4B). The pentavalent
orthophosphate analogue Vi is known to be trapped in the active
siteofsomeABCproteins,blockingATPaseactivityafterasingle
catalytic turnover. The presence of 100–200 μMV i inhibited the
measuredﬂippaseactivityof MsbAbyapprox.50%(Figure4B).
We previously found that Vi was not able to completely eliminate
the ATPase activity of the protein [14]. Trapping of MsbA with
800 μMB e F x and AlFx also resulted in incomplete inhibition of
activity (Figure 4B).
The NBD–PE (16:0, 6:0) content of the proteoliposomes
was varied to determine the dependence of MsbA-mediated
ﬂipping on the concentration of this lipid. Activity increased
up to a concentration of 0.6% (Figure 4C). The typical assay
concentration of 0.3% NBD–PE gave a good activity of ∼60%
of the maximum value observed, and again we chose to use this
concentration in further experiments.
MsbA-mediated ﬂippase activity was determined for several
different NBD-labelled phospholipids in reconstituted E. coli
lipid proteoliposomes (Figure 5). In the presence of ATP there
was substantial net movement to the inner leaﬂet for all NBD–
lipids tested (Table 1). We observed that the maximal ﬂippase
activity of 7.7 nmol per mg of protein over 20 min occurred for
NBD–PE (16:0, 6:0), which has the NBD ﬂuorophore in the acyl
chain. As was observed for native bacterial membrane vesicles,
acyl chain-labelled lipids gave higher ﬂippase activities than
the corresponding headgroup-labelled lipids. Flippase activity
was highest for derivatives of the common bacterial membrane
phospholipids PE, PS and PG, with lower activity observed for
PC. The general trends observed for NBD–lipids in reconstituted
proteoliposomesweresimilartothoseseeninmembranevesicles,
withtheexceptionofSM,whichgavethelowestobservedﬂippase
activity of the chain-labelled lipids. The origin of the high level of
SMtranslocation observed inbacterial membranevesicles, which
appears to arise from either a direct or indirect effect of MsbA
overexpression, is unknown.
MsbA is proposed to function as a ﬂippase for lipid A,
which possesses a large sugar headgroup. Since NBD-labelled
derivatives of lipid A are not commercially available, we
tested NBD–glycosphingolipids instead. We found that an
NBD–lipid with a single sugar headgroup (NBD–GlcCer) was
translocatedataratecomparablewiththatofNBD–phospholipids
(Table 1). Although addition of another sugar to the headgroup
(NBD–LacCer) lowered the extent of translocation of this
molecule by MsbA, it was still higher than the headgroup-
labelled phospholipids (Table 1). This suggests that MsbA can
accommodate lipids with bulky carbohydrate headgroups.
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Figure 5 Time course of the MsbA-mediated translocation of four NBD-
labelled lipids
Proteoliposomes of E. coli lipid containing reconstituted MsbA and 0.3% (A) NBD–PS (16:0,
6:0), (B) NBD–PE (18:1) (C) NBD–PG (16:0, 6:0) and (D) NBD–C12-SM were incubated for
0–20min in the presence or absence of 5mM ATP and a regenerating system. Data points
represent the ATP-dependent movement of NBD–lipid, calculated from the difference in the
means of duplicate determinations in the presence and absence of ATP. Error bars represent
the range and, where not visible, they fall within the symbols.
Inhibition of MsbA-mediated lipid ﬂipping by bacterial lipids
We monitored the MsbA-mediated ﬂipping of NBD–PE after
addition to the exterior of proteoliposomes of increasing
concentrations of lipid A, RaLPS or ReLPS (Figures 6A–6C).
Lipid A inhibited translocation by approx. 30% at 10–40 μg/ml,
aconcentrationatwhichitstimulatestheATPaseactivityofMsbA
[14]. The inhibition may be due to competition for ﬂipping of
NBD–PE. Neither RaLPS nor ReLPS affected MsbA ﬂippase
activity signiﬁcantly at the concentrations used (Figures 6B and
6C), although the ATPase activity was modestly affected in this
concentration range [14]. Since we do not know how much lipid
A incorporates into preformed vesicles, MsbA proteoliposomes
of E. coli lipid were prepared with various amounts of lipid A
incorporatedduringtheir formation.Undertheseconditions,lipid
A inhibited NBD–PE ﬂipping by ∼45% at ∼18 nmol per assay
(Figure 6D). Thus translocation of NBD–PE was inhibited by the
presence of a putative physiological substrate, lipid A.
DISCUSSION
We have shown previously that MsbA binds directly to lipids
and lipid-like molecules, including RaLPS, ReLPS and lipid A,
its proposed physiological substrate [14]. In the present paper
we report for the ﬁrst time the measurement of lipid ﬂippase
activity mediated by puriﬁed MsbA protein. The present study
is the ﬁrst direct demonstration of lipid translocation mediated
by MsbA, and avoids the ambiguity of whole-cell or membrane
systems, where multiple proteins are present, by using puriﬁed
reconstituted MsbA. We show that, in proteoliposomes, MsbA
mediatestheATP-dependentﬂippingofavarietyofNBD-labelled
phospholipid derivatives. Among the chain-labelled derivatives
tested, the ﬂippase activity was highest with NBD–PE. The inner
Figure 6 Inhibition of ATP-dependent MsbA-mediated NBD–PE transloca-
tion by bacterial lipids
Net translocation of NBD–PE (16:0, 6:0) in proteoliposomes of E. coli lipid and MsbA was
assessed in the presence of various concentrations of (A) lipid A, (B) RaLPS and (C) ReLPS,
relative to a control without added lipid (taken as 100%), and a control with added lipid but
without ATP (taken as 0%), or (D) incorporation of various concentrations of lipid A during
preparation of proteoliposomes. The transbilayer distribution of NBD–PE was determined after
incubationwith5mMATPandaregeneratingsystemfor20minat37◦C.Datapointsrepresent
means + − range for duplicate determinations; where not visible, error bars fall within the
symbols.
leaﬂet of the outer membrane of E. coli has a high proportion of
PE [2], and the fact that MsbA translocates this phospholipid to
the greatest extent suggests that it may indeed be involved in the
pathway for phospholipid trafﬁcking to the outer membrane.
We previously used a similar NBD–lipid dithionite-quenching
assay to show that Pgp functions as an ATP-dependent ﬂippase
[17,21]. MsbA apparently mediated the translocation of ∼7.7
nmol of NBD–PE per mg of protein over 20 min, which is
substantiallygreaterthantheﬂippaseactivityobservedforPgpfor
a variety of NBD–lipids, which was in the range 0.36–1.83 nmol
per mg of protein over 20 min [17,21]. Thus MsbA is a relatively
high-activity ﬂippase for NBD-labelled lipids. It seems highly
unlikely that a minor contaminant in the preparation could be
responsible for this activity. The MsbA is of relatively high
purity, and has ATP-dependent ﬂippase activity that is inhibited
byvanadate(characteristicofABCproteins)andlipidA.Flippase
activityislikelytobeadynamicsituation,withlipidscontinuously
moving from the inner to the outer leaﬂet down a concentration
gradient,andMsbAcontinuouslymovingthemback,asoccursfor
Pgp-mediateddrugtransport[24,25,29].Thereforeitseemslikely
that the true ﬂippase activity of the protein is in fact much higher.
In addition, MsbA is reconstituted in both inward- and outward-
facing orientations [14], and since only the inward-facing protein
has access to ATP, the ﬂippase activity measured here is further
underestimated.
PC appeared to have an inhibitory effect on MsbA ﬂippase
activity.MsbAreconstitutedintoPCbilayersalsodisplayedlower
ATPaseactivitythaninotherlipidenvironments(P.D.W.Eckford
and F. J. Sharom, unpublished work). Indeed reconstitution of
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MsbA into a mixture of 7:3 (w/w) PE/PG to better mimic native
E. coli membranes resulted in greater ATP-dependent NBD–
PE translocation than membranes composed of PC (results not
shown). MsbA in PE/PG proteoliposomes had somewhat lower
ﬂippase activity than the same preparation reconstituted into
E. coli lipid. MsbA was also functional in a 1:1 (w/w) mixture
of E. coli lipid and egg PG or dioleoylPG (results not shown),
although again, its activity was lower than in E. coli lipid alone.
ThusweconcludethatMsbAcanfunctionasanNBD–PEﬂippase
in a variety of reconstituted systems.
The NBD ﬂuorophore exploited to determine lipid distribution
between the two bilayer leaﬂets is small, and expected to be
minimally perturbing. The NBD group linked to the small
molecule DTE does not stimulate the ATPase activity of either
MsbA (P. D. W. Eckford and F. J. Sharom, unpublished work)
or Pgp [21] in the concentration range used in the assay, and is
thus not expected to interact with either protein. The possibility
remainsthataninteractionofNBD-labelledlipidmighttakeplace
that does not occur with the corresponding unlabelled lipid, and
addition of a relatively hydrophilic NBD moiety to the lipid,
particularlyintheacylchainregion,couldresultinalteredprotein
binding afﬁnity compared with an unlabelled lipid. Translocation
of natural unmodiﬁed membrane lipids may be measured by
techniques involving enzymatic degradation of lipids in the outer
leaﬂet;however,thisishighlyperturbingtothevesiclesystemand
is also technically challenging [30]. Overall, the NBD reduction
assay remains the most reliable method for determination of lipid
ﬂippase activity.
TransmembranemovementofNBD–lipidsinE.colimembrane
vesicles has been measured by other researchers, using either
back-extraction with BSA [31] or by a dithionite-quenching
technique [32], similar to the method used in the present study.
Non-speciﬁc ﬂipping of NBD–lipids across the inner leaﬂet
membrane in a protein-dependent process was reported in the
a b s e n c eo fA T P ,w i t ht 1
2 (half-life) ranging from 1 to 3 min for
NBD–PE (14:0, 6:0) [31] to 7 min for NBD–PE (16:0, 6:0) [32].
The bacterial species, strain, phospholipid type and assay method
can all affect the results obtained. We used the E. coli strain
BL21 DE3 overexpressing large amounts of MsbA. Clearly, we
observeddifferentresultsfromthoseofHuijbregtsetal.[32],who
used similar NBD-labelled phospholipids in vesicles from the
E. coli strain W3899. First, we were able to use the dithionite
assay at room temperature (22◦C), since we obtained a stable
ﬂuorescence baseline, while they did not. Secondly, although
we did see ATP-independent inward movement of NBD–PE in
E. coli membrane vesicles over time at 37◦C, the t 1
2 was longer
than 7 min, and we saw a much larger ATP-dependent change
attributable to MsbA.
Membrane-spanningdomainsofproteins[12]andTMpeptides
[13,23] can mediate the ﬂipping of NBD–PG (and PE at a lower
rate) simply by their presence in the membrane. The rate of
transbilayer movement of NBD–PC and unlabelled PC is also
increased by certain TM and pore-forming peptides [33,34]. In
the case of MsbA, translocation in proteoliposomes is dependent
on ATP and NBD–lipid concentration, and is inhibited by Vi and
the substrate lipid A, suggesting that lipid transport is integral to
the function of the protein.
Kol et al. [12] were unable to demonstrate MsbA-mediated
ﬂipping of NBD–PG in reconstituted proteoliposomes, but they
used 2 mM ATP and incubation times of up to 3 h. In addition,
only low levels of ATPase activity were associated with their
proteoliposomes, ∼10 nmol/min per mg of protein, whereas our
MsbA preparation displayed ∼100-fold higher activity [14]. We
measuredtranslocationof4.69nmolofNBD–PGpermgofMsbA
overa20 minincubationtimewith5 mMATP(Table1).However,
at an ATP concentration of 2 mM, MsbA-mediated ﬂipping of
NBD–PE was substantially lower. At longer incubation times
(over 30 min), it was apparent that the ATP concentration became
limiting even in the presence of an ATP-regenerating system, and
the ability of MsbA to maintain a higher proportion of NBD–PE
ontheinnerleaﬂetwasreduced.Thesetwofactorsmayexplainthe
failureofpreviousattemptstodetecttheﬂippaseactivityofMsbA.
OurdemonstrationthatE.coliMsbAcanﬂipphospholipidsisin
agreement with the work of Doerrler et al. [10], who showed that
PE and lipid A accessibility in MsbA mutants was consistent with
MsbA-mediated translocation of these lipids. However, Tefsen
et al. [11] showed that, in N. meningitidis, MsbA is implicated in
LPS translocation, but is not strictly required for phospholipid
translocation because this process was not altered in MsbA
mutants. This does not rule out the possibility that MsbA can
ﬂip phospholipids, however, but rather indicates that there is at
least one other pathway for phospholipid movement to the outer
membrane in this species. The present study examines in vitro
ﬂippaseactivity,anditstillremainstobedemonstratedthatMsbA
plays a direct role in phospholipid transport in vivo.
It is unlikely that MsbA functions simply as a general
transporter of amphipathic compounds carrying the NBD group,
rather than as a speciﬁc phospholipid ﬂippase. We previously
showed that lipid A, lipid-like compounds and amphipathic drugs
are able to modulate the MsbA ATPase activity [14]. Like Pgp,
MsbA binds a number of these species with a broad range
of afﬁnities varying from 0.25 to 50 μM [14], again implying
speciﬁcity, and supporting the idea that they are translocated. The
fact that MsbA ﬂips different lipid species with characteristic
rates implies the existence of speciﬁcity, and suggests that the
headgroup and acyl chains are important for transport, not simply
the presence of the NBD label. This is in contrast with the results
ofHuijbregtsetal.[32],whofoundidenticalratesoftranslocation
ofNBD–PC,NBD–PEandNBD–PSinE.colimembranevesicles
in the absence of ATP, implying that there was no speciﬁcity. The
headgroup may be an important recognition point for binding
of lipids to MsbA. MsbA showed relatively high activity with
NBD-labelled LacCer (Table 1), whereas Pgp ﬂippase activity
is very low with this lipid [17]. This suggests that MsbA can
accommodate lipids with bulky carbohydrate headgroups, which
may be involved in substrate recognition.
There is evidence in the literature that MsbA can confer drug
resistanceandisadrugefﬂuxpump[35,36].Recently,wereported
that puriﬁed MsbA binds various amphipathic drugs at a location
distinct from the site where lipid A binds [37]. Pgp also binds
drugs and a variety of lipid-like molecules with high afﬁnity [27]
and can translocate ﬂuorescently labelled lipids in reconstituted
proteoliposomes[17,21].MsbAmayfunctioninasimilarmanner,
as a dual-lipid ﬂippase and amphipathic drug pump. It is not yet
knownwhetherMsbAactsasadrugefﬂuxpumptoprotectE.coli
cells from harmful substances, although its expression in some
Gram-positive bacteria has thus far not been otherwise explained.
Lipid A, which is known to bind to MsbA with an afﬁnity
of 6.4 μM, inhibited the ﬂippase activity of the protein in
the concentration range tested, despite its stimulation of the
ATPase activity at similar concentrations [14]. This inhibition
could represent competition between NBD–PE and lipid A
for translocation by MsbA, suggesting that translocation of
NBD–phospholipids and LPS precursors may occur via the
same pathway. The mechanism whereby lipid molecules are
translocated between bilayer leaﬂets is not known for any lipid
ﬂippase. For MsbA, one can imagine a model whereby the
carbohydrate portion of lipid A is sequestered within a large
ﬂexible substrate-binding pocket, the existence of which was
shownrecentlyintheX-raycrystalstructureofPgp[38].Thelipid
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moleculemaybetranslocatedtotheothermembraneleaﬂeteither
by dragging the acyl chains through the hydrophobic interior of
the lipid bilayer, or by binding of the entire molecule within the
substrate-binding pocket. Lipid ﬂippases play a very important
role in both prokaryotic and eukaryotic membranes, but up to
now it has not been possible to study their structure, function or
mechanism in detail, since no lipid ﬂippase has been puriﬁed in
sufﬁcient quantities to allow biochemical characterization. The
reconstituted MsbA system should prove invaluable in studies
to elucidate the mechanism of ATP-driven lipid translocation by
ABC proteins.
AUTHOR CONTRIBUTION
PaulEckfordconductedtheexperiments,analysedthedataandco-wrotethepaper.Frances
Sharomsupervisedthestudy,wasinvolvedinexperimentaldesign,andco-wrotethepaper.
ACKNOWLEDGEMENTS
We thank Dr Candice Klug (Department of Biophysics, Medical College of Wisconsin,
Milwaukee, WI,U.S.A.)forprovidingthepET28bplasmid,andJosephChuforassistance
with growing empty vector-transformed E. coli cultures.
FUNDING
This work was supported by the Natural Sciences and Engineering Research Council of
Canada[grantnumber3063-2008].F.J.S.isaTier1CanadaResearchChairinMembrane
Protein Biology. P.D.W.E. was supported in part by a postgraduate scholarship from the
Natural Sciences and Engineering Research Council of Canada.
REFERENCES
1 Rothman, J. E. and Kennedy, E. P. (1977) Asymmetrical distribution of phospholipids in
the membrane of Bacillus megaterium.J .M o l .B i o l .110, 603–618
2 Huijbregts, R. P., de Kroon, A. I. and de Kruijff, B. (2000) Topology and transport of
membrane lipids in bacteria. Biochim. Biophys. Acta 1469, 43–61
3 Barb, A. W., McClerren, A. L., Snehelatha, K., Reynolds, C. M., Zhou, P. and Raetz, C. R.
(2007) Inhibition of lipid A biosynthesis as the primary mechanism of CHIR-090
antibiotic activity in Escherichia coli. Biochemistry 46, 3793–3802
4 Wu, T., McCandlish, A. C., Gronenberg, L. S., Chng, S. S., Silhavy, T. J. and Kahne, D.
(2006) Identiﬁcation of a protein complex that assembles lipopolysaccharide in the outer
membrane of Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 103, 11754–11759
5 Ruiz, N., Gronenberg, L. S., Kahne, D. and Silhavy, T. J. (2008) Identiﬁcation of two
inner-membrane proteins required for the transport of lipopolysaccharide to the outer
membrane of Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 105, 5537–5542
6 Davidson, A. L., Dassa, E., Orelle, C. and Chen, J. (2008) Structure, function, and
evolution of bacterial ATP-binding cassette systems. Microbiol. Mol. Biol. Rev. 72,
317–364
7 Rees, D. C., Johnson, E. and Lewinson, O. (2009) ABC transporters: the power to change.
Nat. Rev. Mol. Cell Biol. 10, 218–227
8 Ward, A., Reyes, C. L., Yu, J., Roth, C. B. and Chang, G. (2007) Flexibility in the ABC
transporter MsbA: alternating access with a twist. Proc. Natl. Acad. Sci. U.S.A. 104,
19005–19010
9 Doerrler, W. T., Reedy, M. C. and Raetz, C. R. (2001) An Escherichia coli mutant defective
in lipid export. J. Biol. Chem. 276, 11461–11464
10 Doerrler, W. T., Gibbons, H. S. and Raetz, C. R. (2004) MsbA-dependent translocation of
lipids across the inner membrane of Escherichia coli.J .B i o l .C h e m .279, 45102–45109
11 Tefsen, B., Bos, M. P., Beckers, F., Tommassen, J. and de Cock, H. (2005) MsbA is not
required for phospholipid transport in Neisseria meningitidis. J. Biol. Chem. 280,
35961–35966
12 Kol, M. A., Van Dalen, A., de Kroon, A. I. and de Kruijff, B. (2003) Translocation of
phospholipids is facilitated by a subset of membrane-spanning proteins of the bacterial
cytoplasmic membrane. J. Biol. Chem. 278, 24586–24593
13 Kol, M. A., Van Laak, A. N. C., Rijkers, D. T. S., Killian, J. A., De Kroon, A. I. P. M. and de
Kruijff, B. (2003) Phospholipid ﬂop induced by transmembrane peptides in model
membranes is modulated by lipid composition. Biochemistry 42, 231–237
14 Eckford, P. D. and Sharom, F. J. (2008) Functional characterization of Escherichia coli
MsbA: interaction with nucleotides and substrates. J. Biol. Chem. 283, 12840–12850
15 Buchaklian, A. H., Funk, A. L. and Klug, C. S. (2004) Resting state conformation of the
MsbA homodimer as studied by site-directed spin labeling. Biochemistry 43,
8600–8606
16 Peterson, G. L. (1977) A simpliﬁcation of the protein assay method of Lowry et al. which
is more generally applicable. Anal. Biochem. 83, 346–356
17 Eckford, P. D. and Sharom, F. J. (2005) The reconstituted P-glycoprotein multidrug
transporter is a ﬂippase for glucosylceramide and other simple glycosphingolipids.
Biochem. J. 389, 517–526
18 Horio, M., Gottesman, M. M. and Pastan, I. (1988) ATP-dependent transport of
vinblastine in vesicles from human multidrug-resistant cells. Proc. Natl. Acad. Sci. U.S.A.
85, 3580–3584
19 Russell, P. L. and Sharom, F. J. (2006) Conformational and functional characterization of
trapped complexes of the P-glycoprotein multidrug transporter. Biochem. J. 399,
315–323
20 McIntyre, J. C. and Sleight, R. G. (1991) Fluorescence assay for phospholipid membrane
asymmetry. Biochemistry 30, 11819–11827
21 Romsicki, Y. and Sharom, F. J. (2001) Phospholipid ﬂippase activity of the reconstituted
P-glycoprotein multidrug transporter. Biochemistry 40, 6937–6947
22 Kol, M. A., De Kroon, A. I. P. M., Rijkers, D. T. S., Killian, J. A. and de Kruijff, B. (2001)
Membrane-spanning peptides induce phospholipid ﬂop: a model for phospholipid
translocation across the inner membrane of E. coli.. Biochemistry 40, 10500–10506
23 Kol, M. A., De Kroon, A. I. P. M., Killian, J. A. and de Kruijff, B. (2004) Transbilayer
movement of phospholipids in biogenic membranes. Biochemistry 43, 2673–2681
24 Lu, P., Liu, R. and Sharom, F. J. (2001) Drug transport by reconstituted P-glycoprotein in
proteoliposomes. Effect of substrates and modulators, and dependence on bilayer phase
state. Eur. J. Biochem. 268, 1687–1697
25 Sharom, F. J., Yu, X. and Doige, C. A. (1993) Functional reconstitution of drug transport
and ATPase activity in proteoliposomes containing partially puriﬁed P-glycoprotein.
J. Biol. Chem. 268, 24197–24202
26 Eckford, P. D. and Sharom, F. J. (2008) Interaction of the P-glycoprotein multidrug efﬂux
pump with cholesterol: effects on ATPase activity, drug binding and transport.
Biochemistry 47, 13686–13698
27 Eckford, P. D. and Sharom, F. J. (2006) P-glycoprotein (ABCB1) interacts directly with
lipid-based anti-cancer drugs and platelet-activating factors. Biochem. Cell Biol. 84,
1022–1033
28 Sharom, F. J., Lu, P., Liu, R. and Yu, X. (1998) Linear and cyclic peptides as substrates
and modulators of P-glycoprotein: peptide binding and effects on drug transport and
accumulation. Biochem. J. 333, 621–630
29 Doige, C. A. and Sharom, F. J. (1992) Transport properties of P-glycoprotein in plasma
membrane vesicles from multidrug-resistant Chinese hamster ovary cells. Biochim.
Biophys. Acta 1109, 161–171
30 Gummadi, S. N. and Menon, A. K. (2002) Transbilayer movement of
dipalmitoylphosphatidylcholine in proteoliposomes reconstituted from detergent extracts
of endoplasmic reticulum. Kinetics of transbilayer transport mediated by a single ﬂippase
and identiﬁcation of protein fractions enriched in ﬂippase activity. J. Biol. Chem. 277,
25337–25343
31 Kubelt, J., Menon, A. K., Muller, P. and Herrmann, A. (2002) Transbilayer movement of
ﬂuorescent phospholipid analogues in the cytoplasmic membrane of Escherichia coli.
Biochemistry 41, 5605–5612
32 Huijbregts, R. P., de Kroon, A. I. and de Kruijff, B. (1996) Rapid transmembrane
movement of C6-NBD-labeled phospholipids across the inner membrane of Escherichia
coli. Biochim. Biophys. Acta 1280, 41–50
33 Anglin, T. C., Liu, J. and Conboy, J. C. (2007) Facile lipid ﬂip-ﬂop in a phospholipid
bilayer induced by gramicidin A measured by sum-frequency vibrational spectroscopy.
Biophys. J. 92, L01–L03
34 Fattal, E., Nir, S., Parente, R. A. and Szoka, Jr, F. C. (1994) Pore-forming peptides induce
rapid phospholipid ﬂip-ﬂop in membranes. Biochemistry 33, 6721–6731
35 Woebking, B., Reuter, G., Shilling, R. A., Velamakanni, S., Shahi, S., Venter, H.,
Balakrishnan, L. and Van Veen, H. W. (2005) Drug-lipid A interactions on the Escherichia
coli ABC transporter MsbA. J. Bacteriol. 187, 6363–6369
36 Reuter, G., Janvilisri, T., Venter, H., Shahi, S., Balakrishnan, L. and Van Veen, H. W. (2003)
The ATP binding cassette multidrug transporter LmrA and lipid transporter MsbA have
overlapping substrate speciﬁcities. J. Biol. Chem. 278, 35193–35198
37 Siarheyeva, A. and Sharom, F. J. (2009) The ABC transporter MsbA interacts with lipid A
and amphipathic drugs at different sites. Biochem. J. 419, 317–328
38 Aller, S. G., Yu, J., Ward, A., Weng, Y., Chittaboina, S., Zhuo, R., Harrell, P. M., Trinh, Y. T.,
Zhang, Q., Urbatsch, I. L. and Chang, G. (2009) Structure of P-glycoprotein reveals a
molecular basis for poly-speciﬁc drug binding. Science 323, 1718–1722
Received 26 January 2010/6 April 2010; accepted 22 April 2010
Published as BJ Immediate Publication 22 April 2010, doi:10.1042/BJ20100144
c   The Authors Journal compilation c   2010 Biochemical Society © 2010 The Author(s)
The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/by-nc/2.5/)
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.Biochem. J. (2010) 429, 195–203 (Printed in Great Britain) doi:10.1042/BJ20100144
SUPPLEMENTARY ONLINE DATA
The reconstituted Escherichia coli MsbA protein displays lipid ﬂippase
activity
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Figure S1 Size distribution of MsbA proteoliposomes
DLS size-distribution intensity measurements were carried out for E. coli lipid–MsbA
proteoliposomes prepared by the OG gel-ﬁltration method. Data represent the mean+ −S.D.
(n=3). A smaller population of vesicles was centred at approx. 117 nm diameter and a larger
group at approx. 634 nm in diameter. In the absence of MsbA, liposomes prepared by the
same method consisted of two somewhat smaller-sized populations (79 nm and 524 nm;
resultsnotshown).RomsickiandSharom[1]foundthateggPCandreconstitutedPgp–eggPC
proteoliposomes prepared by gel ﬁltration also displayed a multimodal size distribution.
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